There was an increased sex ratio of 1.396 (95% CI: 1.127, 1.729) in the 345 children whose fathers were estimated from annual dose summaries to have received more than 10 mSv of external radiation in the 90 days preceding conception, but no significant linear trend between sex ratio and 90 day paternal preconceptional dose was found. There was no significant association between sex ratio and the external dose accumulated before the 90 day period preceding conception. Conclusions -Men employed at Sellafield fathered a greater proportion ofboys than would be expected for a Cumbrian population, which may be partly explained by their younger age distribution. A greater effect was observed in the fathers with recorded doses exceeding 10 mSv in the 90 days before conception. While this may reflect a true statistical association, it is also possible that it may be a chance finding due to imprecision in the dose estimates and consequent misclassification. (J Epidemiol Community Health 1996;50:645-652) The aim ofthe study was to investigate whether the external ionising radiation received by men employed at the nuclear installation at Sellafield, West Cumbria, affected the sex ratio of the children they subsequently fathered. We considered two hypotheses -whether the sex ratio was affected by the total cumulative radiation doses received by the fathers before conception or whether it was affected by the doses received in the immediate preconceptional period, when the sperm resulting in the conception were developing or being stored. There has been speculation that the preconceptional radiation dose received by fathers employed at Sellafield might be a risk factor for leukaemia in their children.' Subsequent research does not support this hypothesis.2 However, if preconceptional irradiation at these dose levels were to cause heritable genetic damage, childhood cancer might not be the most obvious result. Spontaneous abortions, stillbirths, congenital malformations, neonatal mortality, general childhood morbidity, or an altered sex ratio might be more likely outcomes, although such radiation induced effects would be difficult to detect.3 The present investigation of the sex ratio was carried out within a broad programme of work, examining several potential heritable effects in the offspring of Sellafield employees.
gleton births between 1950 and 1989 to mothers resident in Cumbria, north west England. Results -The sex ratio among children of men employed at any time at Sellafield was 1.094 (95% CI: 1.060, 1.128), significantly higher than that among other Cumbrian children, 1.055 (95% CI: 1.046, 1.063). There was an increased sex ratio of 1.396 (95% CI: 1.127, 1.729) in the 345 children whose fathers were estimated from annual dose summaries to have received more than 10 mSv of external radiation in the 90 days preceding conception, but no significant linear trend between sex ratio and 90 day paternal preconceptional dose was found. There was no significant association between sex ratio and the external dose accumulated before the 90 day period preceding conception. Conclusions -Men employed at Sellafield fathered a greater proportion ofboys than would be expected for a Cumbrian population, which may be partly explained by their younger age distribution. A greater effect was observed in the fathers with recorded doses exceeding 10 mSv in the 90 days before conception. While this may reflect a true statistical association, it is also possible that it may be a chance finding due to imprecision in the dose estimates and consequent misclassification. The aim ofthe study was to investigate whether the external ionising radiation received by men employed at the nuclear installation at Sellafield, West Cumbria, affected the sex ratio of the children they subsequently fathered. We considered two hypotheses -whether the sex ratio was affected by the total cumulative radiation doses received by the fathers before conception or whether it was affected by the doses received in the immediate preconceptional period, when the sperm resulting in the conception were developing or being stored. There has been speculation that the preconceptional radiation dose received by fathers employed at Sellafield might be a risk factor for leukaemia in their children.' Subsequent research does not support this hypothesis.2 However, if preconceptional irradiation at these dose levels were to cause heritable genetic damage, childhood cancer might not be the most obvious result. Spontaneous abortions, stillbirths, congenital malformations, neonatal mortality, general childhood morbidity, or an altered sex ratio might be more likely outcomes, although such radiation induced effects would be difficult to detect. 3 The present investigation of the sex ratio was carried out within a broad programme of work, examining several potential heritable effects in the offspring of Sellafield employees.
Methods

DATABASE CONSTRUCTION
The cohort studied consisted of all children born in Cumbria from 1 January, 1950 to 30 September, 1989 to mothers resident in Cumbria. The area considered was that defined as Cumbria in the local government reorganisation of 1974. 4 The acquisition of the data and the data linkage have been described in detail by Parker et al.5 In summary, the live and stillbirth registers for Cumbria for the period were obtained from the Office of Population Censuses and Surveys and entered into a computer database. Any children born to mothers resident outside Cumbria were excluded from the study. British Nuclear Fuels plc and the United Kingdom Atomic Energy Authority supplied us with sufficient details of all employees at the Sellafield nuclear installation between 1947 and 1989 to identify those who were parents of children on the birth registers. Both these datasets were entered into a database and, using computerised methods,5 the children were linked to parents who worked at Sellafield. Validation studies confirmed a 98% accuracy in this linkage. The doses of external ionising radiation received by fathers before the conception of their children were estimated on a pro rata basis from annual dose summaries recorded on the dosimetry database maintained by British Nuclear Fuels plc for epidemiological purposes. Conception was assumed to have occurred 266 days before the date of birth of the child. The sex ratio is shown for individual years in figures 2 and 3. We explored the variation over time, using three-year groups initially. The sex ratio for Cumbria showed significant variation with time but no evidence of a trend (see fig 2) . Grouping the years into 1959 and 1960 versus the remainder accounted for the greatest reduction in the deviance (see table 3 ). When the years 1959 and 1960 were removed, the heterogeneity between year groups was no longer significant. The sex ratio in 1959-60 was 1.119 (95% CI: 1.084, 1.155), heavily influenced by the peak value in 1959 of 1.137 (95% CI: 1.087, 1.189), whereas that for the remainder of the period was 1.053 (95% CI: 1.045, 1.062). We looked at the sex ratio for 1958-60 by month, but because ofthe variation due to small numbers, it was not possible to distinguish any specific month during this period when the increase in sex ratio started. We also looked at the sex ratio for these two years by postcode sector, but the geographical distribution appeared to be random and did not correlate either with the urban/rural nature of the area or with its position relative to Sellafield. For children of Sellafield fathers, there was no significant variation of the sex ratio with time, possibly because this cohort was too small to demonstrate such variation (see fig 3) . In order to investigate whether the unusually high value of the sex ratio in Cumbria in 1959 and 1960 was a reflection of a national trend, we compared the sex ratio in Cumbria with that in the rest of England and Wales (see fig 2) . to the proportional misclassification for the 345 children in the high dose group, which had a mean of 0.0 and a standard deviation of 0.41. We then carried out a Monte Carlo simulation, sampling the proportional dose misclassification for these 1494 children from such a normal distribution, N(0.0, 0.40), and hence generating a simulated MFB90. Finally, we noted the sex ratio in the group of children who were either known or simulated to have an MFB90 of over 10 mSv. This was repeated 1000 times; in 278 of the simulations the sex ratio in the children of this high dose group remained significantly higher (p<0.05) than that for other Sellafield children. This indicates that the apparent significance of the increased sex ratio in children of fathers estimated from annual dose summaries to have a 90 day preconceptional dose of over 10 mSv may not be robust to the effects of dose misclassification as there was a probability of only 278 out of 1000 -that is, 28%, that the increased sex ratio would maintain significance if these doses were to be assessed from original film badge readings. (*See note before references.)
The details of the 228 children whose fathers were estimated from both annual dose summaries and monthly film badges to have a 90 day preconceptional radiation dose of over 10 mSv were examined carefully to see if they appeared unusual in any other respect. They were the children of 200 different fathers. They differed from other children with a 90 day preconceptional radiation dose in that a much higher proportion had fathers who were process workers (52% as compared to 19%), were of social class 4 (61% as compared to 25%), and lived in the CA28 postal district which is north of Sellafield and includes part of Whitehaven (87% as compared to 3 1%). However, the sex ratio among children of other Sellafield fathers with these characteristics: process workers, or social class 4, or living in the CA28 district, was typical of the value of 1.094 for children of Sellafield fathers as a whole (1.088, 1.105, 1.107 respectively). While the births occurred throughout the 40 year period, they were more concentrated in the earlier years than births to other workers with a 90 day radiation dose. The age distribution of the fathers and the distribution of birth order was typical of that to Sellafield fathers. The siblings ofthe children associated with a high 90 day preconceptional doses, who themselves were not associated with a high dose, were examined to see if they were also more likely to be boys, irrespective of the preconceptional radiation dose. However, the sex ratio of these siblings was 1.045, (95%CI: 0.839, 1.303).
The possible effect of the cumulative preconceptional dose received by the father before the 90 day preconceptional period was investigated for a linear trend and for various thresholds, but none of the models accounted for significant variation. conception. This may be due to chance. We have divided the dose into categories at the point which shows the greatest contrast in sex ratios and so the actual significance levels will be less extreme than those resulting from formal statistical tests. In addition, estimation of radiation doses for the 90 day period from annual dose summaries results in some misclassification of exposure between high and low dose groups. We investigated this by combining actual monthly film badge doses for the high dose group with simulated film badge doses for the remainder. The sex ratio among the 228 children of fathers confirmed by actual film badge records to have had over 1OmSv of radiation in the 90 days before conception was higher than that among the 345 children of fathers estimated from annual dose summaries to have had such a dose. This is consistent with a statistical association between high sex ratio and high 90 day preconceptional radiation dose, the observed effect of which has been attenuated by misclassification. Simulation of the monthly film badge doses for the much larger remainder of the cohort showed that the apparent significance ofthe association has only a 28% probability of being maintained if all doses were calculated directly from original film badge records rather than annual dose summaries. The distribution of the proportional misclassification is slightly negatively skewed -that is, apportioned ADS90 doses are more often an underestimate of the MFB90 dose, and allowance for this divergence from the assumed normal distribution would tend to increase the probability of the significance being maintained. The sharpening of the binomial distribution ofsex which was detected in families oftwo Cumbrian-born children implies that the actual width of confidence intervals should be narrower and actual significance levels higher than those calculated. Supposing that the observed statistical association is robust, it does not necessarily imply a causal relationship. The 90 days before conception correspond approximately to the period ofspermatogenesis and sperm storage,6 but the biological mechanism whereby irradiation during this period might cause an increased sex ratio remains uncertain. Ninety day paternal preconceptional radiation doses in excess of 10 mSv were associated with other factors: employment as a process worker, living in a particular area, and births in earlier years, but these factors did not affect the sex ratio among other children of male Sellafield employees. If these characteristics of the fathers of the children with a high 90 day preconceptional dose affected the sex ratio of their children, then it would be anticipated that they would also affect the sex ratio of children not associated with 90 day preconceptional doses of more than 10 mSv. Similarly, the sex ratio of the siblings ofthe children with high preconceptional doses remained unaffected, implying that the fathers did not have a general tendency to produce boys rather than girls. Ne = number of births to exposed fathers, Nu = number of births to unexposed fathers. >= increased sex ratio in exposed group, <= decreased sex ratio in exposed group. * = significant at 5% level, ** = significant at 1 % level, *$* = significant at 0.1% level.
mothers had not,26 showed no evidence of a significantly increased sex ratio. Data supplied to us (Dr WI Schull, personal communication) on the sex of 391 children born between May and July 1946, who were probably conceived within 90 days of the bombings, give no indication of an excess of male births to irradiated fathers. So, overall, these studies showed no evidence of an effect on the sex ratio of either the total paternal preconceptional radiation dose or that in the immediate preconceptional period, although the number of children affected by the latter was small.
INFLUENCE OF OTHER FACTORS ON THE SEX RATIO
The sex ratio is known to vary, although not substantially, with demographic factors such as race, season, wartime, birth order, and paternal age and also, more substantially, with physiological factors such as time of insemination within the menstrual cycle, some forms of parental disease at the time of conception, and exposure of the parents to hormones or other chemicals.'4 Sellafield fathers are unlikely to have had differential exposure to any of these factors, other than chemicals.
Our results are consistent with those ofJames and Rostronl°who found that the sex ratio decreases both as the father's age increases and as the parity increases: they follow the same general trend, although they show no significant linear trend with either variable. This may be explained by our smaller cohort and by our use of birth order within Cumbrian-born children rather than parity. Our results are also consistent with those of other studies that the sex ratio is not influenced by social class.14 CONCLUSIONS This analysis shows an increased sex ratio among children of Sellafield fathers, which may be explained in part by their younger age distribution compared to other Cumbrian fathers. A greater effect was observed in men with recorded doses of external ionising radiation exceeding 10 mSv in the 90 days before conception. Although this may be a chance finding due to misclassification of doses and to multiple statistical testing, we cannot exclude the possibility of a statistical association between the sex ratio and a radiation dose of more than 10 mSv received by fathers in the 90 days before conception. It would be useful to investigate this relationship in other datasets. We found no significant linear trend with the 90 day paternal preconceptional dose, nor any effect on the sex ratio of the dose accumulated before this 90 day preconceptional period. The study also shows an increased sex ratio in Cumbria in 1959 and 1960; after allowing for national trends, there was as extreme a sex ratio in Cumbria in 1983-85. Further research is needed to explain such demographic variations.
*We are grateful to a colleague for pointing out that the simulation procedure described above does not result in an unbiased estimator of the probability that the increased sex ratio would maintain significance if the doses were to be assessed from original film badge readings and that the direction of the possible bias is not readily predictable.
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